The twin-arginine protein transport (Tat) system is a remarkable molecular machine dedicated to the translocation of fully folded proteins across energy-transducing membranes. Complex cofactor-containing Tat substrates acquire their cofactors prior to export, and substrate proteins actually require to be folded before transport can proceed. Thus, it is very likely that mechanisms exist to prevent wasteful export of immature Tat substrates or to curb competition between immature and mature substrates for the transporter. Here we assess the primary sequence relationships between the accessory proteins implicated in this process during assembly of key respiratory enzymes in the model prokaryote Escherichia coli. For each respiratory enzyme studied, a redox enzyme maturation protein (REMP) was assigned. The main finding from this review was the hitherto unexpected link between the Tat-linked REMP DmsD and the nitrate reductase biosynthetic protein NarJ. The evolutionary link between Tat transport and cofactor insertion processes is discussed.
Introduction
Coordinating the assembly and activity of complex enzymes and targeting them to their sites of physiological function is an important feature of all biological systems. In bacteria, the generation of energy by respiratory or photosynthetic electron transfer chains involves the cytoplasmic membrane. The redox-active proteinaceous components of electron transfer chains are often embedded in this membrane, and a significant proportion are located on the extracytoplasmic side. Thus, bacterial growth and survival in many environments depends upon the transport of redoxactive enzymes to the inner membrane and (or) extracellular compartment. Extracytoplasmic respiratory enzymes, such as N-and S-oxide oxidoreductases, periplasmic nitrate reductases, and formate dehydrogenases contain at least one of a range of redox-active cofactors, including molybdopterin (MoPt), Fe-S clusters, and c-and b-type haem. With the notable exception of the c-type cytochromes, such cofactors are inserted in the cell cytoplasm prior to export from the cell (e.g., Berks 1996) . Studies of the model prokaryote Escherichia coli have established that a subset of cofactorcontaining exported proteins is synthesized with N-terminal signal peptides containing the distinctive SRRxFLK "twinarginine" amino acid sequence motif (Berks 1996) . Preproteins bearing twin-arginine signal peptides are translocated post-translationally across the cytoplasmic membrane by a unique protein translocase, initially termed the membrane targeting and translocation system ) and now most frequently referred to as the twinarginine translocation (Tat) apparatus (Sargent et al. 1998a Santini et al. 1998; Berks et al. 2000 Berks et al. , 2003 . The bacterial Tat translocase is structurally and mechanistically related to the ∆pH-dependent transport system of plant thylakoids (Settles et al. 1997 ) and thus utilizes energy provided by the transmembrane ∆p to drive transport (Alder and Theg 2003) . Most remarkably, substrates of the Tat translocases from both plants and bacteria are required to be fully folded before successful translocation can occur (e.g., DeLisa et al. 2003) . Biochemical studies have shown the integral membrane proteins TatA, TatB, and TatC to form the core components of the E. coli Tat system (reviewed by Berks et al. 2003) . The TatBC unit is believed to form the signal recognition module, while TatA forms a very large oligomeric ring structure presumed to be the proteinconducting channel itself . As well as the targeting of cofactor-containing redox enzymes, the bacterial Tat pathway is also involved in cell division, cell motility, symbiosis, and pathogenicity. Several recent reviews have discussed the structure, operation, and physiology of the Tat translocase in some detail Berks et al. 2000 Berks et al. , 2003 Robinson 2000; Yen et al. 2002; Palmer and Berks 2003) .
Tat transport is the point-of-no-return in periplasmic enzyme biosynthesis. It is therefore of paramount importance that export of Tat substrate proteins is not performed, or even attempted, until all folding and assembly processes have been completed. Cellular mechanisms are likely to exist, therefore, to prevent either wasteful export of immature substrates or competition between immature and mature proteins for the transporter. Such proofreading of Tat substrate protein maturity seems to operate as a two-tier system. Firstly, the folded state of a Tat substrate may be sensed at a late stage in the export process by the Tat translocase itself (DeLisa et al. 2003) . Secondly, the folded state of complex Tat substrates may be monitored at an earlier stage by cytoplasmic chaperones and folding factors. This key proofreading activity that ensures only correctly assembled substrates are presented for export is the subject of this review.
Redox enzyme maturation proteins
Many of the membrane-bound and soluble periplasmic redox proteins that utilize the Tat pathway require the activity of system-specific accessory proteins for assembly. These accessory proteins are not part of the final active holoenzyme complexes but instead seem to be important in monitoring activation or assembly processes by mechanisms that are not well understood. Depending on the system originally studied these proteins have been given a variety of different names in the literature, including system-specific chaperones, mate proteins, escort chaperones, targeting proteins, private chaperones, accessory proteins, cofactor insertases, pathway-specific chaperones, or the elusive Factor X. Here, we propose the collective term REMP (redox enzyme maturation protein) to refer to any protein involved in the assembly of a complex redox enzyme that itself does not constitute part of the final holoenzyme.
In this review, we have examined the well-characterized redox enzyme systems of the model prokaryote E. coli. In particular, we have focused on the key Tat-dependent molybdenum-dependent oxidoreductases and the Tat-dependent [NiFe] hydrogenases expressed in this bacterium. Details of the systems under discussion here along with their proposed REMPs are listed in Table 1 . In many cases the physiological functions of the E. coli REMPs have only been hinted at by genetic experiments and have not yet been fully defined biochemically. Arguable roles for these system-specific REMPs include the following.
• Foldase chaperones; promoting assembly of the enzyme.
• Unfoldases; correcting mistakes in folding.
• Sec-avoidance chaperones; preventing miss-targeting during assembly.
• Cofactor chaperones; maintaining the apoenzyme in a competent state for cofactor loading.
• Escort chaperone; promoting transport of the apoenzyme across the membrane.
• Proofreading chaperone; suppressing transport until assembly processes are complete.
• Protection from cytoplasmic proteases; preventing degradation during assembly. While only direct experimentation can determine the specific physiological role of each REMP for every case, following on from the massive genome projects completed in recent years, we have reviewed the now substantial primary sequences data available for REMPs. In this study, we attempt to identify phylogenetic relationships between REMPs and discuss the significance of these REMPs. Initially BLASTp (basic local alignment search tool; protein) was used, which assigns a query protein to the same family if its nearest neighbour is above a threshold value. Escherichia coli REMPs (listed in Table 1 ) were used as the seed sequence in all sequence searches. Once initial sequences were identified, the sequence searches were repeated using the PSI-BLAST (position-specific iterated BLAST) program with iterations (Altschul et al. 1997 ). This provided their organismal distribution and the occurrence of isoforms. This method utilizes protein-protein comparisons, whereby the profile is modified as more distant proteins are included in the search model, and gives a measure of the distance from the query protein to the center of the family being identified (reviewed by Dietmann et al. 2002) . PSI-BLAST searches were performed until subsequent iterations no longer changed the search outcome beyond the defined thresholds. Sequences were further analyzed through multiple sequence alignments using the CLUSTAL X program (Thompson et al. 1997 ) and neighbour-joining phylogenetic unrooted trees were plotted using PHYLIP 3.573c phylogeny interface software package (Felsenstein 1993) . To establish confidence for the groupings in the trees presented, a BOOTSTRAP neighbour-joining tree operation was performed on all alignments. No change in the groupings identified was observed after performing this control procedure. The methods provided information towards signature sequence motifs as well as relationships between the REMPs.
Molybdoprotein REMPS -the DmsD family
The E. coli MoPt containing the redox enzyme dimethyl sulfoxide (DMSO) reductase is a heterotrimeric protein encoded by the dmsABC operon . DmsA is the catalytic subunit of DMSO reductase and contains the twin-arginine motif in its Nterminal signal peptide (Berks 1996) . DmsA binds a molybdopterin guanine dinucleotide (MGD) cofactor (Rothery et al. 1995) , while DmsB contains four [4Fe-4S] clusters (Cammack and Weiner 1990) . DmsA and DmsB form a complex, which is anchored to the membrane by the integral membrane protein DmsC (Weiner et al. 1993) . In E. coli, DmsABC is important in the reduction of DMSO and trimethylamine N-oxide (TMAO) under anaerobic conditions (Bilous and Weiner 1985) .
The E. coli ynfEFGHI operon is homologous to dmsABC, where YnfE are YnfF are homologous to each other as well as to DmsA. YnfG has homology to DmsB, while YnfH is homologous to DmsC. Although YnfEFGH is homologous to DmsABC, it does not normally restore phenotypic activity to a ∆dmsABC mutant (Lubitz and Weiner 2003) . The fifth gene in the operon, ynfI, encodes a protein that binds to the twin-arginine signal sequence of DmsA and was renamed dmsD (Oresnik et al. 2001) . DmsD is also capable of binding the twin-arginine leader sequence of TMAO reductase (TorA) (Oresnik et al. 2001) . A mutation in the gene encoding DmsD leads to a complete loss of cellular DMSO reductase activity (Oresnik et al. 2001) .
Performing a PSI-BLAST search using E. coli DmsD identified the homologues in this group and the phylogenetic tree is shown in Fig. 1 (Table 2 ). This search identified not only close DmsD homologues but also E. coli TorD. The data shown are the results after three iterations. All the proteins found in this group are between 160 and 246 amino acids in length, and two short motifs were found to be common to members of this group: (Y/F/W)xxLF and E(PX or XP)D(H/Y) (Fig. 2) . Sequence alignments were also performed within each of these subgroups to identify key motifs within them. Key motifs are identified in Table 3 .
The TorCAD respiratory pathway is encoded by the torCAD operon and is important in the reduction of TMAO in E. coli (Mejean et al. 1994 ). The first gene of the operon, torC, encodes the membrane-anchored c-type cytochrome, TorC, while TorA is a molybdoenzyme with a twin-arginine motif in its N-terminal signal peptide (Mejean et al. 1994; Berks 1996) . The third component, TorD, is reported to interact specifically with the unfolded form of TorA in the cytoplasm and assists with the insertion of the MoPt cofactor (Pommier et al. 1998; Ilbert et al. 2003) . Early studies suggested that unlike DmsD, the interaction between TorD and TorA was not mediated by the twin-arginine signal peptide (Pommier et al. 1998) .
Recently, a third enzyme capable of reducing TMAO in E. coli was identified. The yecK bisZ operon was renamed torYZ when it was shown that overexpression of the bisZ (torZ) gene product produced an enzyme able to reduce TMAO more efficiently than other S-oxides and N-oxides (Gon et al. 2000) . TorZ has homology to both BisC, the nonexported catalytic subunit of biotin sulfoxide reductase (Pollock and Barber 1997), and TorA (del Campillo Campbell and Campbell 1996) . TorZ also contains an RRXFI motif in its N-terminal signal peptide, which is likely to be essential for export to the periplasm (Gon et al. 2000) . TorY is a c-type cytochrome homologous to TorC (Gon et al. 2000) . In contrast to torCAD, the torYZ operon is not induced by the presence of TMAO and does not have a torD homologue linked to it (Gon et al. 2000) . From our present study, we tentatively propose that the DmsD homologue YcdY is an ideal candidate as REMP for TorZ and (or) BisC.
The DmsD and YcdY subgroups were analyzed together because of their close relatedness. This group has three motifs, which are listed in Table 3 . In addition to these motifs, a conserved Trp is found approximately 21 residues downstream of the first motif. A distinguishing feature between the DmsD and YcdY subgroups is that the YcdY homologues have five to seven Asp and (or) Glu residues within 10 amino acids of the C terminus, whereas the DmsD homologues have C termini rich in Gln and Arg and (or) Lys. 
NarJ is a member of the DmsD family
Surprisingly, our analysis also pointed to homology between DmsD and the nitrate reductase REMPs NarJ and NarW. Nitrate reductase A is a membrane-bound, cytoplasmic heterotrimer composed of NarG, NarH, and NarI encoded by the narGHJI operon (Sodergren and DeMoss 1988; Blasco et al. 1989) . NarG is a MoPt-containing catalytic subunit (Rothery et al. 1998 ) but does not contain a functional N-terminal twin-arginine signal peptide. NarG associates with the iron-sulfur-containing NarH subunit, which contains one [3Fe-4S] cluster and three [4 Fe-4S] clusters (Johnson et al. 1985; Augier et al. 1993a Augier et al. , 1993b Guigliarelli et al. 1992 Guigliarelli et al. , 1996 Magalon et al. 1997b) . The NarGH complex is anchored to the membrane by NarI, a btype cytochrome (Magalon et al. 1997a ). Synthesis of nitrate reductase A is activated in the presence of high concentrations of nitrate under anaerobic conditions Iobbi et al. 1987; Stewart 1993) .
The membrane-associated nitrate reductase Z (NarZYV) is homologous to nitrate reductase A and is encoded by the narZYWV operon Magalon et al. 1997a ). The core subunits of the heterotrimer NarZYV are homologous to NarG, NarH, and NarI, respectively. Like NarG, NarZ binds an MGD cofactor and does not contain a cleaved signal sequence . Although the NarZ and NarG systems are biochemically similar, nitrate reductase Z is unaffected by anaerobiosis or by the presence or absence of nitrate Iobbi et al. 1987; Iobbi-Nivol et al. 1990; Bonnefoy and Demoss 1994) . It has been proposed that the role of nitrate reductase Z in E. coli is to assist in the transition from growth under aerobic to anaerobic conditions (Iobbi-Nivol et al. 1990 ).
The narJ gene encodes an additional protein that is not part of the NarGHI holoenzyme (Sodergren and DeMoss 1988; Blasco et al. 1992; Palmer et al. 1996) . NarJ specifically recognizes the nascent unfolded topology of NarG, and its activity is required for the insertion of the MGD cofactor ). This appears to be done by maintaining the apo form of NarGH in a cofactor-insertion competent state ). The NarJ homologue NarW is presumed to perform a similar role during the maturation of NarZ.
The NarJ subgroup has four identifiable amino acid motifs. The first motif listed is very prominent throughout the group. However, there are other motifs present in this subgroup that can be identified if the sequences with lower homology are removed. These include PaNarJ, ApNarJ, TsSerD, and HmNarJ. With these removed another motif is quite strong at the N terminus as G(D/E)(S/T)(K/R)cRG. Also, TorD and NarJ proteins are related by an additional conserved Glu five residues to the C terminal of the second motif where this residue is a Leu in YcdY and DmsD.
The relatedness between DmsD and NarJ was initially surprising, since DmsD binds directly to the DmsA twinarginine signal peptide (Oresnik et al. 2001) and NarJ is involved in the biosynthesis of an enzyme assembled by a completely Tat-independent mechanism. However, a CLUSTAL X analysis was then performed on the first 55 amino acids of the N termini of each of our REMP-associated molybdoproteins from E. coli (Table 1) . The resultant sequence alignment is shown in Fig. 3 , with the corresponding tree in Fig. 4 . Although the E. coli NarG, NarZ, and BisC proteins do not use the Tat translocase for assembly, our sequence alignment shows that the N termini of these proteins may have a signature sequence related to the twin-arginine motif. The twin-arginine leaders follow (S/T)RRXFXK (Berks 1996) , whereas the others have the sequence (D/S)R(Y/F) X(Y/V)X(K/T). The key difference is the replacement of the second R of the classical twin-arginine motif with an aromatic residue. This commonality suggests a vestige leader sequence in all these bacterial oxidoreductases. It is tempting to speculate that these data are trying to tell us something about the evolution of these types of enzymes and their cognate REMPs. It is possible that all REMPs of the DmsD/TorD/NarJ family bind to the N-terminal region of their partner substrates -DmsD to an active signal peptide itself and NarJ to what remains of a signal peptide that has been inactivated in the course of evolution. This suggests that ancestors of NarG-type proteins may have been originally exported from the cell -a theory that is corroborated by analysis of the Archaeoglobus fulgidus genome, which contains a narG operon encoding both an intact twinarginine signal peptide and a NarJ homolog (Richardson et al. 2001) . The description of dimethyl sulphide dehydrogenase, a Tat-dependent enzyme more closely related to nitrate reductases than DMSO reductases (McDevitt et al. 2002) , from Rhodovulum sulfidophilum identified a gene ddhD, which was shown to be related to NarJ and DmsD (McDevitt et al. 2002) . From our analysis, this protein bridge between the NarJ and DmsD subgroups and the find- ings of such proteins support the relatedness between NarJ, TorD, and DmsD.
Molybdoprotein REMPs -the NapD family
The E. coli periplasmic nitrate reductase, Nap, is biochemically and genetically distinct from the nitrate reductase A and Z systems. Indeed, based on total amino acid sequence comparisons, all bacterial and archaic molybdoenzymes can be segregated into one of two distinct families: Nar (closely related to NarG-type nitrate reductases) or Nap (closely related to NapA-type nitrate reductases) (Richardson et al. 2001 ). The Nar family includes respiratory membrane-bound nitrate reductases (NarG, NarZ), periplasmic TMAO and DMSO reductases, and selenate reductases. Indeed, it is now clear from this study that the Nar family REMPs are also related (see above). The Nap family includes periplasmic nitrate reductases (Nap), formate dehydrogenases, cytoplasmic assimilatory nitrate reductases, and reducers of sulfur compounds (e.g., thiosulfate reductase) from other bacteria. The Nap family enzymes can perhaps be most readily identified by virtue of a completely conserved active site cysteine or selenocysteine residue that is lacking in the Nar family proteins (Richardson et al. 2001) . The E. coli periplasmic nitrate reductase is encoded by the napFDAGHBC operon, of which the napABCD genes are essential for nitrate reduction by E. coli (Grove et al. 1996; . NapA is a periplasmic molybdoprotein with an N-terminal twin-arginine signal peptide (Berks et al. 1995c; Berks 1996) . NapB is a dihaem c-type cytochrome found in the periplasm, while NapC is a membrane-bound tetrahaem c-type cytochrome (Roldan et al. 1998) . NapF, NapG, and NapH are predicted to be nonhaem iron-sulfur proteins involved in alternative electron donation to NapAB (Potter and Cole 1999; Brondijk et al. 
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). NapD appears to be required for the post-translational modification of the molybdoprotein NapA (Berks et al. 1995b; Reyes et al. 1998; . The Nap nitrate reductase system is expressed under low nitrate concentrations and is suppressed by high nitrate concentrations, under both aerobic and anaerobic conditions Wang et al. 1999) .
Members of the NapD REMP family group are shown in Table 4 with the phylogenetic tree shown in Fig. 5 . The members of this group ranged from only 87 to 115 residues. Although a couple of sequence motifs were identified, no obvious signature sequence could be defined. In addition to the sequences listed in Table 3 , there is a conserved E within the sequence hxxhEha -24 residues downstream of the first motif.
Molybdoprotein REMPs -the FdhE family
In E. coli there are two formate-to-nitrate respiratory chains in which a respiratory formate dehydrogenase is linked by a quinone to a nitrate reductase (Enoch and Lester 1975; Gennis and Stewart 1996) . The major pathway includes formate dehydrogenase N (Fdh-N, N = nitrate inducible) and nitrate reductase A and is activated under anaerobic conditions in the presence of nitrate (Guest 1992; Stewart 1993 ). The second, minor pathway involves the Fdh-O (Fdh-Z) formate dehydrogenase and nitrate reductase Z and assists with the transition from aerobic to anaerobic growth (Abaibou et al. 1995; Iobbi-Nivol et al. 1990; Pommier et al. 1992) .
Fdh-N is composed of three subunits, encoded by the fdnGHI operon . The membrane-peripheral FdnG subunit (α-subunit) incorporates an MGD cofactor, a selenocysteine (SeCys) residue, and a [4Fe-4S] cluster . FdnG also contains the characteristic twinarginine motif in its signal peptide (Berks 1996) . The second membrane-associated subunit, FdnH (β subunit), contains one transmembrane helix and four [4Fe-4S] clusters, while the third subunit, FdnI (γ subunit), incorporates two b haem groups and is an integral membrane protein (Berg et al. 1991a; Jormakka et al. 2002a Jormakka et al. , 2002b . The second formate dehydrogenase, Fdh-O (also called Fdh-Z), is encoded by the fdoGHI gene cluster located between fdhD and fdhE Abaibou et al. 1995) . Fdh-O is a heterotrimer with a considerable degree of identity to its isoenzyme, Fdh-N Plunkett et al. 1993) . As in Fdh-N, the α-subunit, FdoG has an N-terminal twinarginine signal peptide and incorporates SeCys and MGD (Abaibou et al. 1995; Berks 1996) . The β-subunit, FdoH, harbours four [4Fe-4S] clusters, while FdoI, the γ subunit, specifies cytochrome b (Abaibou et al. 1995) .
The E. coli genes fdhD and fdhE are located astride the fdoGHI operon and encode proteins required for respiratory formate dehydrogenase activity (Mandrand-Berthelot et al. 1988) . Their exact roles are unknown, but the proteins are thought to be involved post-translationally in the formation of the active formate dehydrogenase enzymes (MandrandBerthelot et al. 1988; Schlindwein et al. 1990; Stewart et al. 1991; Pommier et al. 1992) . Note that the FdhD is closely related to NarQ, a protein involved in a two-component regulatory pathway (Stewart 1994) . Even though FdhD is not considered to be involved directly in the control of fdn or fdo transcription , its implication as a regulatory protein precluded it from detailed investigation here.
Performing a PSI-BLAST search using E. coli FdhE identified members in this group. After three iterations, no new sequences were identified. Members found are listed in Table 5 and the phylogenetic tree is shown in Fig. 6 . This analysis identified three key motifs for these chaperones (Table 3 ). The proteins in this group range in size from 241 to 309 amino acids, where the majority are 309 residues. These proteins have a number of prominent Cys residues and show six of which to be conserved over two sequence motifs.
Molybdoproteins with no cognate chaperones?
Some molybdoprotein REMPs, including TorD and NarJ of the Nar family of molybdoenzymes, are co-expressed with their cognate respiratory enzymes, which makes it very tempting to at least implicate these proteins in molybdoprotein assembly. However, some members of the Nar family (e.g., BisC of E. coli) and many more members of the Nap family in particular (e.g., the Tat-dependent thiosulfate reductase (PhsABC) and tetrathionate reductase (TtrABC) of Salmonella, the Tat-dependent polysulfide reductase (PsrABC) of Wollinella succinogenes, and the non-exported assimilatory nitrate reductase (NarB) of Synechococcus and many other prokaryotes) appear to be REMP-less. Of course, this does not mean that REMPs are not required for assembly of such enzymes -note that dmsD is located some distance from the dmsABC operon on the E. coli chromosome. However, it is interesting that heterologous expression of the Tat-dependent PhsABC from Salmonella spp. (Hinsley and Berks 2002) and the Tat-independent NarB from Synechococcus spp. (Rubio et al. 2002) in E. coli led to the production of fully formed active enzyme in each case. A question arising immediately from this concerns the specificity of REMPs, Are they promiscuous or monogamous when it comes to the oxidoreductase they are helping reach maturity? Indeed, efficient cofactor insertion in the absence of any REMPs may again point to an ancestral role for the chaperones in protein export rather than cofactor insertion per se. Further work using combined genetic and biochemical approaches should help resolve these issues.
Hydrogenase REMPs
In E. coli there are two different modes for the metabolism of hydrogen under anaerobic conditions. The Tatdependent periplasmic uptake [NiFe] hydrogenases (hydrogenase 1 and hydrogenase 2) are involved in hydrogen oxidation coupled to quinone reduction, while the cytoplasmically located evolution hydrogenases ([NiFe] hydrogenase 3 and hydrogenase 4) produce hydrogen gas during fermentative growth Boxer 1985, 1986; Sawers et al. 1985; Bohm et al. 1990; Menon et al. 1990 Menon et al. , 1994 Sauter et al. 1992; Andrews et al. 1997; Vignais et al. 2001 ). Hydrogenase 1 and hydrogenase 2 are encoded by the polycistronic hyaABCDEF and hybOABCDEFG operons (Menon et al. 1990 (Menon et al. , 1994 Sargent et al. 1998b) . The core of the hydrogenase 1 enzyme consists of HyaA, a small β subunit that binds two [4Fe-4S] clusters and one [3Fe-4S] cluster, and HyaB, a large α subunit, which binds the Ni-Fe cofactor (Sawers and Boxer 1986) . The HyaA subunit also contains an N-terminal twin-arginine signal peptide, which targets the αβ dimer to the periplasm (Niviere et al. 1992; Berks 1996; Berks et al. 2000) . The cytochrome b γ subunit (HyaC) helps anchor the αβ dimer to the membrane (Berks et al. 1995a) . Similarly, the hydrogenase 2 isoenzyme is composed of a small β subunit, HybO, and a large α subunit binding Ni-Fe, HybC (Ballantine and Boxer 1986; Menon et al. 1994; Rodrigue et al. 1996; Sargent et al. 1998b ). However, the hydrogenase 2 complex does not contain a HyaC homologue (Menon et al. 1994) . In contrast to hydrogenase 1, HybOC forms its final membrane-bound catalytic complex by associating with the periplasmic HybA subunit and the integral membrane protein HybB (Dubini et al. 2002) . Both HybO and HybA have N-terminal twin-arginine signal peptides and bind Fe-S clusters (Menon et al. 1994; Berks 1996; Sargent et al. 1998b) .
The remaining hya and hyb genes are not well characterized but appear to be involved in further aspects of hydrogenase biosynthesis (Dubini et al. 2002) . HyaD and HybD are cytoplasmic proteases involved in the C-terminal processing of the HyaB and HybC α subunits post-Ni-Fe assembly (Menon et al. 1991; Fritsche et al. 1999; Vignais et al. 2001) . HybF and HybG display significant identity with the HypA and HypC E. coli enzymes, respectively, involved in nickel processing (Jacobi et al. 1992; Menon et al. 1994; Hube et al. 2002) .
HyaE, HyaF, and HybE are of particular interest, as homologous subunits do not exist in the biosynthesis pathways of cytoplasmic [Ni-Fe] hydrogenases (Dubini et al. 2002 Table 4 . Fig. 6 . Phylogenetic tree for the formate-dehydrogenase-related proteins, FdhE. Protein abbreviations are presented in Table 5. been shown in a two-hybrid assay to interact with the twinarginine signal-peptide-bearing precursors of hydrogenase 1 and hydrogenase 2, respectively (Dubini and Sargent 2003) .
HyaE and HybE were searched independently, as they did not appear to be related to each other. Members are shown in Table 6 with the phylogenetic trees shown in Figs. 7 and 8 for HyaE and HybE, respectively. HyaE and HybE were found to be very different, with no motif shared between them. HyaE proteins range from 132 to 161 amino acids in length and were found to be related to thioredoxin-like proteins and disulfide bond isomerases. After three iterations, the weight to the thioredoxin proteins becomes stronger, which begins to weight the data set, resulting in the acquisition of a long series of thioredoxin homologues, therefore the results from only three iterations were considered. However, such a result suggests that the HyaE proteins may have a common fold to those of the thioredoxins; however, the complete absence of any cysteine residue in the E. coli protein rules out a thioredoxin-like activity for HyaE. In addition to the sequence listed for HyaE in Table 3 , an additional sequence of P(S/T/A)hhhh is found -33 residues after the first motif, and a conserved Trp follows this motif around 15 residues downstream.
HybE sequences are quite variable in length, from 62 to 278 residues. However, two conserved sequences can be found, as shown in Table 3 . In addition to these two sequences, there is a cluster of arginines as motif of RRx 3-7 RR found within 20 residues of the C terminus in all sequences.
Structural analysis of REMPs
The sequences of all E. coli REMPs investigated here were compared; the phylogenetic tree is shown in Fig. 9 . No significant signature sequence attributable to all can be identified; however, all appear to be enriched in Asp and (or) Glu residues over a 10-20 amino acid span within 60 residues from the C terminus. In addition, all seem to have a higher proline content than average.
The E. coli REMP sequences were also investigated by the secondary structure prediction algorithm, PSIPRED (McGuffin et al. 2000) . All REMPs were predicted to have very high α-helical content, and the pattern of the predicted secondary structure is very consistent with the phylogenetic tree (Fig. 7) . All proteins on the left side of Fig. 9 were predicted to be α-helical, whereas those on the right (HyaE, FdhE, NapD, and HybE) were expected to have a small amount of β structure. Experiments using circular dichroism spectroscopy with NarJ, DmsD, and YcdY seem to confirm these predictions (Sarfo and Turner 2003 Table 5 . Proteins in the Fdh group. Fig. 7 . Phylogenetic tree for the hydrogenase-1-related proteins, HyaE. Protein abbreviations are presented in Table 6 . Table 6 .
Furthermore, the recently solved 3-D structure of a TorD homologue from Shewanella massilia was recently solved by X-ray crystallography to a 2.4-Å resolution (PDB accession code 1N1C) and confirmed an all-helical architecture for this type of protein (Tranier et al. 2003) . TorD from S. massilia comprised two distinct domains per protomer linked by an interdomain "hinge". Extensive domain swapping between the domains resulted in the dimer formation already predicted from the biochemistry (Tranier et al. 2002 (Tranier et al. , 2003 . The residues ExxDH shown in Fig. 2 were found in the hinge linking the two intertwined domains. Biochemical studies on E. coli DmsD, TorD, and YcdY also suggest that domain swapping is occurring and that both ligand binding and pH modulate this (Sarfo and Turner 2003) . This type of structure may be unique to this group, as the key residues highlighted in Fig. 2 were not present in the NapD, FdnE, HyaE, and HybE groups.
(1) The catalytic subunit containing an N-terminal twinarginine leader peptide is released from the ribosome. (2) A REMP binds to the twin-arginine signal peptide and (or) another region on the subunit, preventing premature export and maintaining the subunit in a competent state for cofactor loading. In addition to the REMPs, it should be considered that other chaperone systems, such as GroEL, and the DnaKDnaJ-GrpE pathway, may also be involved in the maturation of bacterial oxidoreductases. Indeed, in addtion to DmsD, DnaK was also observed to interact with the twin-arginine leader peptide of DmsA (Oresnik et al. 2001) . Moreover, although no REMPs have been identified on the plant Tat pathway, the Tat-dependent thylakoidal Rieske Fe-S protein has been shown to interact with the general chaperone Hsp70 during its biosynthesis (Madueno et al. 1993 ).
In conclusion, this review highlights the intimate and ancient link between cofactor insertion, protein folding, and the Tat protein transport process and points to a predominant role for some REMPs in proofreading enzyme assembly processes.
